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Chapter I: Introduction
A diode laser provides a convenient and relatively low cost laser system useful in many applications ranging from optical communications to precision spectroscopy. For some of these applications, such as spectroscopy, the broad emission bandwidth and poor frequency stability of commercially available diode lasers are problems that must be corrected. Many techniques have been developed to frequency stabilize diode lasers and narrow their emission spectrum.' The most effective and simplest to implement are those that use optical feedback to the diode laser. The most common feedback elements used are diffraction gratings,' and Fabry-Perot cavities.1,2 Emission linewidth reductions of 102 to 104 have been achieved using these methods. The frequency of light emitted by grating and cavity feedback lasers can be tuned by changing the length of the external cavity formed by the laser and the respective feedback device. This also implies that the frequency stability of these lasers is limited by the mechanical stability of the external cavity.
A more stable frequency reference can be provided by an atomic resonance that lies within the gain profile of the diode laser. Electronic stabilization to such resonances is a common technique for all types of lasers. The susceptibility of diode lasers to optical feedback makes it possible to optically lock them to these resonances. This optical technique has been implemented by methods including: resonant phase conjugation,3 the resonant Faraday effect,4 and velocity selective optical pumping.5 This paper examines an alternative technique using High-Contrast Saturated Absorption Spectroscopy (HCSAS) as a means to optically stabilize the frequency of a diode laser system to an atomic transition within the absorption spectrum of rubidium. This technique is simple to implement and can easily be applied to the other alkali atoms (Cs, K, Li) that can be resonantly excited by diode lasers.
In this study two different diode laser systems are stabilized. One system consists of an unmodified Sharp LT024MDO diode laser. This system is referred to as the bare diode system throughout this paper.
The other system also uses a Sharp LT024MDO diode, however, the output is first stabilized by means of optical feedback from a diffraction grating.6 This system is called the grating laser system throughout this paper.
In Chapter II of this paper a brief description of diode laser operation and characteristics is provided. Chapter III explains why diode lasers have the inherent problems of frequency instability and broad emission linewidth, as well as some of the existing techniques for correcting these problems. Chapter IV contains some introductory material about atomic transitions and their relevance to this study. In Chapter V the HCSAS technique is explained, as well as the motivation for using HCSAS as a means to stabilize a diode laser output. Chapter VI includes the experimental procedure to implement the HCSAS stabilization technique. The results of using this method are provided in Chapter VII. Chapter VIII gives some conclusions drawn from these results.
Chapter II: Diode Lasers
The theory of diode laser operation has been covered in many references.1 What follows here is a brief review of the basics of diode laser operation with an emphasis on those properties relevant to this study.
A typical diode laser is shown in Fig. 1 . Despite their small size, these devices are capable of cw output powers as high as 100 mW, with good electrical to optical efficiency.' The laser light is generated when an injection current is applied to the active region of the diode between the n-and p-type layers. This drives electrons and holes into the junction region where they recombine and form photons with an energy that corresponds to the band gap of the semiconductor. The front and back facets of the semiconductor crystal are polished to form the resonant cavity in which lasing will occur.
The laser light is confined to a narrow channel, or emitting stripe in the plane of the p-n junction. This stripe defines the spatial mode of the laser and the confinement is achieved by one of two methods. One method uses the spatial variation of the injection current density to confine the flux of charge carriers. This method is called gain guiding.'
The other method uses the spatial variation of the index of refraction, caused by changes in the materials used to build the semiconductor, to form a wave-guide to confine the light. This method is called index guiding.1
The output beam of a diode laser has an elliptical cross section. The light is emitted from a small rectangular region (in most devices 0.1gm by 0.311m) in the face of the diode and thus acquires a large divergence. Typical angles of divergence are 60° for the major axis and 15° for the minor axis. In the far field, the minor axis of the elliptical emitted light is parallel to the plane of the p-n junction of the diode (see Fig. 1 .). The polarization of the output light is also parallel to the minor axis of the beam ellipse. To compensate for the large divergence, the output beam is usually collimated with a lens of small f-number. For example, the collimation lens used in this application was a 7-mm lens with f/# = 1.28.
In addition to the large divergence, the output of most diode lasers is astigmatic. If necessary, this astigmatism can be compensated for, with additional optics.l'7 In this application it was not necessary.
The wavelength of light produced by a diode laser depends primarily on the band gap of the semiconductor material. The choice of semiconductor (e.g. A1GaAs, InAlAs, etc.) determines the general range of the laser's output wavelength. Fine tuning of the wavelength is achieved by adjusting the injection current r emitfmg stripe 1 to junction plane to, and temperature of, the diode junction. Thus, when using a diode laser to excite an atomic resonance the first consideration is to choose a semiconductor that produces light in a range near the desired frequency. Then, the laser light can be tuned to the resonant frequency of the atom by careful adjustment of the diode current and temperature. Our lasers are A1GaAs semiconducting diodes. The laser light produced is in the near infrared (770 -790 nm) with output powers of 20 -30 mW for injection currents of 90 135 mA.
The temperature of the diode will effect the output laser wavelength because the wavelength depends on the optical path length of the laser cavity as well as the gain curve of the lasing medium, both of which are temperature dependent.) For a typical A1GaAs device the optical path length of the cavity changes about +0.06 nm/K, while the gain curve shifts about +0.25 nm/K.1 Thus, the laser wavelength plotted as a function of diode temperature is a series of sloping steps. The slope of each step is the wavelength tuning of that cavity mode, the jump between steps corresponds to a hop from one longitudinal mode to the next. This jump is determined by the gain curve and the spacing of these steps is calculated from the free spectral range (FSR), c/2n/ of the cavity, where n = 3.6 (for A1GaAs) is the index of refraction of the diode and / is the length of the cavity, i.e. the diode. Our diodes have a FSR of 150 GHz or 0.3 nm at a wavelength of 780 nm.
The laser wavelength also depends on the injection current to the diode junction.1 A change in current changes the density of charge carriers in the junction which effects the index of refraction and ultimately influences the laser wavelength. The current also affects the junction temperature because of heating. Our diodes tune with current at a rate of approximately 3.8 GHz/mA. The laser's frequency dependence on temperature and current requires that both of these parameters be carefully controlled. To control the injection current a low-noise current-control circuit is used.8 To eliminate the chance of harmful current spikes often found in AC power lines, the diode drivers are battery powered. These precautions keep the injection current noise below 1 gA.7
The temperature of the diode is maintained with a Peltier element and a temperature control circuit.7 Depending on the laser system used, the diode temperature is controlled in one of two ways. For the bare diode case the Peltier cooling element is mounted between the aluminum plate holding the diode, and a copper heat sink. In addition, the copper heat sink is water cooled. To bring the laser wavelength down to the needed 780 Tun, the diode is cooled below 0 °C. In order to prevent ice from forming, the entire diode, collimation lens, and Peltier cooler are placed in a vacuum housing (see Fig. 2 ) which is evacuated to 10 20 millitorr. This set up has a temperature stability of about ± 0.3 mK.7 For the grating laser case, the diode, collimation lens, and grating are all mounted on a single piece of aluminum which is fixed on top of the Peltier cooling element. To reduce air currents, this entire assembly is placed in a Plexi-glass box that has a window to allow the laser light to escape. The grating laser needs to be cooled to only a few degrees below room temperature, so ice formation is not a problem. This system has a temperature stability of several mK.6 Chapter III: Laser Linewidth While diode lasers are convenient for many applications, they also have some drawbacks that usually must be addressed in some manner. The drawbacks most relevant for spectroscopic applications are the poor frequency stability and broad emission linewidth of diode laser light. The frequency noise spectrum is large and extends to very high frequencies.
' High frequency noise is undesirable because of the difficulty in making electronic systems fast enough to compensate for this type of fluctuation. There are many factors that cause the broad, 10 -500 MHz, emission linewidth. As previously mentioned, fluctuations in the current to, and temperature of, the diode influence the linewidth. While these problems can theoretically be eliminated there exists a quantum mechanical limit to the linewidth. This limit arises from spontaneous emission of photons within the laser cavity.9
Spontaneous emission, as its name implies, adds photons to the laser cavity at random times and directions. Therefore, photons originating from spontaneous emission will not be in coherence with stimulated emission photons in the laser beam. This lack of coherence is ultimately responsible for linewidth broadening in any type of laser. The Schawlow-Townes linewidth, the theoretical prediction of this broadening, depends inversely on the square of the transit time for a photon in the laser cavity.' The transit time is directly proportional to the length of the laser cavity. For diode lasers the laser cavity, and hence, the transit time is very small, yielding a large -on the order of a few MHz Schawlow-Townes linewidth. In an actual semiconductor device the measured laser linewidth will be larger than what is predicted by about a factor of 70. The reason for this discrepancy is the Schawlow-Townes treatment does not compensate for the modulation of the index of refraction of the laser medium. This modulation is due to fluctuations of the electron density due to spontaneous emission.9 When the index is properly figured, the theory predicts linewidths that agree with those typically measured ( 50 -100 MHz).
Several schemes have been devised to deal with the problems of large emission linewidth and frequency instability.' The simplest solutions implement some sort of optical feedback to the diode from additional external optics. Adding external optics, coupled to the diode, effectively lengthens the laser cavity which reduces the emission linewidth. The effect of feedback is fairly complicated, and the phenomenon is well documented in other sources.1,10 A rigorous theoretical treatment can be found in Hjelm et. al. 10 They use a generalization of the laser rate equations, including a Langevin noise source, to describe the effects of feedback. For example, they find when the external optical system consists of feedback from a retro-reflecting mirror, the linewidth is found to vary inversely with the square of both the external cavity round trip time and the reflectivity of the mirror. The external cavity round trip time is directly proportional to the length of the cavity. Thus a long external cavity with a highly reflective feedback mirror would seem to be ideal for linewidth reduction. However, making the external cavity longer increases the number of strong cavity resonances supported. This makes undesirable laser mode hops more probable. Along with the problem of mode hops, a longer cavity is also more susceptible to variations in length due to mechanical factors including air temperature, pressure, and acoustic variations. Hjelm et. al. predict the frequency sensitivity of this external cavity laser to be such that, a length change of 21/4/2 will tune the laser frequency an amount equal to the cavity free spectral range.
Thus a simple mirror will provide enough feedback to considerably narrow the laser linewidth. The tendency to mode hop, and the sensitivity to acoustic vibrations make it difficult to stabilize the frequency of the laser using this configuration. For long-term frequency stability and tunability further improvements need to be implemented. One solution is to filter the feedback through some kind of frequency selective device. Two commonly used devices are diffraction gratings and Fabry-Perot cavities. is
The operating principles of diffraction grating stabilization are covered in Ref.
(1).
Greater detail of the specifics of the system used here can be found in Ref. (6). The diffraction grating schematic is shown in Fig. 3 . The collimated laser output beam is incident on a diffraction grating mounted in the Littrow configuration. The diode has a high-reflective coating on the rear facet and a partial anti-reflective coating on the front facet. Thus, a pseudo external cavity is formed by the rear facet of the diode and the diffraction grating. The grating returns feedback to the diode that has been frequency filtered by diffraction. The feedback forces the laser output to conform to the diffracted light's frequency range. The output linewidth is narrowed by the effective lengthening of the laser cavity, as described previously. This configuration allows linewidths in the hundreds of kHz range to be achieved. In application, the linewidth is limited by the thermal and mechanical stability of the external cavity. An added advantage of the grating feedback configuration is that the laser frequency can be conveniently tuned by changing the grating angle. In the laboratory this is usually much faster and easier to control than trying to tune the frequency by changing the diode current and temperature.
For illustrative purposes, a description of the grating feedback system used in this study is included. The diffraction grating is a holographic grating with 1800 lines /mm. When the laser is tuned to 780 nm, 75% of the laser beam is reflected into the zeroth order diffraction beam and is used as the laser output. Approximately 10% of the laser light is diffracted into the first order diffraction beam and used as the feedback to the diode. The grating is mounted on a small mirror mount to allow for manual adjustment of the external laser cavity. The grating angle is electronically controlled with a piezoelectric stack placed in the mount flexure as shown in Fig. 3 . Application of ±15 V to the piezo provides ±1 gm of extension which rotates as well as translates the grating and allows for continuous tuning of a single longitudinal mode of the external cavity. The laser frequency can be continuously scanned 5 -10 GHz before the laser hops to another external cavity mode. In this manner, the grating reduces the diode's emission linewidth from 60 MHz to 150 kHz.6
Stabilization of a diode laser can also be achieved by providing feedback from a Fabry-Perot reference cavity.12,7 The cavity is designed to perform two functions; it provides the optical feedback to narrow the emission linewidth, and since feedback only occurs at the resonance of the cavity, it provides the center-frequency stabilization to the cavity resonance? One possible set up for cavity locking is shown in Fig. 4 . As shown here, the laser light is sent into the cavity off-axis. In this case the most stable cavity mode is the V-mode shown. The important property of the cavity that is exploited by this method is, a confocal Fabry-Perot cavity exhibits resonance only for specific conditions. For the V-mode, with mirrors separated by a distance L, the cavity has a resonance for incident light of wavelength X., satisfying the condition 1..,=-0,/4, where q is an integer. The cavity supports a standing wave for light satisfying the resonance condition, and the light intensity inside the cavity is substantially higher than the intensity off resonance. Thus, only resonant light is transmitted by the cavity.
When using a cavity in the V-mode configuration, the four transmitted beams are of two classes, labeled I and II in Fig.4 . The beam of type I is a combination of direct reflection of the input beam and a portion of the transmitted resonant light. This beam has a power minimum when the incident light is on resonance. Beams of type II provide the desired characteristic for feedback beams, in that they have a power maximum on resonance.2 Thus the laser will only experience feedback when its wavelength satisfies the cavity resonance. The laser frequency will therefore lock to the cavity resonance.
The effect of Fabry-Perot cavity feedback is also covered in Hjelm et a/.10 They find that the linewidth is smallest when the product of the finesse of the external cavity, with the transit time of light in the external cavity, is large. Thus a high finesse, short cavity or a medium finesse, long cavity can equivalently reduce the linewidth. The frequency stability of this configuration is such that a variation in length between the external Fabry-Perot cavity and the diode, on the order of 247c, will tune the laser frequency by an amount equal to the bandwidth of the feedback.10 Diodes stabilized in this manner have linewidths reduced to a few kilohertz2 and the center frequency stabilized to the cavity resonance.
Chapter IV: Atomic Resonance
The grating feedback, and the resonant cavity locking techniques are both effective ways to stabilize a diode laser frequency. Both methods allow for tuning of the laser frequency by changing the length of the external cavity. This implies that the frequency stability of the laser is dependent upon the mechanical stability of the external cavity. A more stable frequency reference can be provided by an atomic resonance that lies within the gain profile of the diode laser. Feedback from an atomic transition has the same advantageous property as Fabry-Perot cavity feedback, in that feedback only occurs for on resonance light. This provides center frequency stabilization along with the usual linewidth reduction resulting from optical feedback. Several methods have been implemented to optically lock diode lasers to an atomic transition, they include: resonant phase conjugation,3 the resonant Faraday effect,4 and high-contrast saturated absorption spectroscopyll -the method used here.
Chapter V: High-Contrast Saturated Absorption Spectroscopy.
High Contrast Saturated Absorption Spectroscopy (HCSAS) is a technique for obtaining Doppler-free transmission signals from atomic transitions. As with most saturated absorption spectroscopy measurements, this process requires two equalfrequency, counterpropagating laser beams. The first beam through the atomic vapor referred to as the pump beam -serves to saturate the atomic transition excited by the laser frequency. The return beam, on the second pass through the vapor -referred to as the probe beam -records the change in absorption due to the pump beam. The simplest configuration of the HCSAS method is depicted in Fig. 5 . A laser beam is sent through a beamsplitter and is incident into an atomic vapor cell. This beam acts as the pump beam as it gets absorbed in its travel through the cell. After passing through the cell the beam is retro-reflected and used as the probe beam. The probe beam transmission signal is monitored via the beamsplitter by a photodetector.
The HCSAS method is named for the low background signal recorded. The low background is achieved by heating the atomic vapor cell. Heating the cell increases the number density of atoms in the vapor, making it optically thick to moderate intensity radiation. At line center, the strong pump beam bleaches a hole through the sample for the probe beam to traverse. Detection of the probe beam shows substantial intensity at line center, and very little intensity for nearby wavelengths.12 This strong transmission peak on a virtually zero background yields a favorable contrast ratio. Further, any noise in the probe signal is representative of fluctuations in the laser only.12 Figure 6 shows the theoretical transmission signals for normal temperature and high temperature cases. The upper curve in the figure represents a probe beam transmission through a vapor of room temperature, theoretical atoms. The atoms are ideal two level atoms, which have an atomic transition evident at 0 MHz detuning. The lower curve is the probe beam transmission at a higher temperature where the vapor has become optically thick for a frequency detuning of about 500 MHz on either side of the atomic transition.
In this manner, the High Contrast SAS method registers a transmission signal that is similar, within the optically thick region, to the transmission fringes created by a Fabry-Perot cavity. Thus, a HCSAS configuration can be used to deliver feedback that is only "on" when the laser is tuned to the atomic transition, other frequencies are absorbed by the vapor.
In order to use HCSAS as a means to stabilize a diode laser, the atoms in the vapor cell must have a transition that is within the frequency range of the laser light. The Al GaAs lasers in this study can produce light at 780.24 nm. This near infrared light is at the same frequency as the 52s1/2 ---> 52P3n, or D2 line of rubidium (see energy level diagram Fig. 7) . The lifetime of the 52P3n state is = 26.5 ns, corresponding to a spontaneous emission rate of r/27r = 6.0 MHz. Rubidium occurs naturally in two isotopes, 85Rb and 87Rb. The more abundant isotope is 85Rb, making up about 72% of a sample. 87Rb makes up the remaining 28% of a pure sample. The isotopes are distinct in their respective hyperfine structures, the level splitting of 85Rb is roughly half the size of the splitting of 87Rb. The energy splittings of the excited state structures for both isotopes is much smaller then the respective 3 GHz and 7 GHz ground state splitting of the 85Rb and 87Rb isotopes.
A typical saturated absorption, probe beam transmission signal for the F=2 ÷ F'=1,2,3 transition of 87Rb is shown in Fig 8. For rubidium, optical pumping effects cause the dominant peaks in the spectrum to be crossover resonances between the upper state hyperfine levels. The third peak (from the left) is due to the F=2 --> F'=3 transition. The first peak (from the left) is the crossover resonance between the F=2 --> F'=3 and F=2
F'=1 transitions. The peak appears at a frequency offset by 212.2 MHz from the F=2 --> F'=3 transition. This frequency offset is equal to half of the separation between the F'=3 and F'=1 levels (see Fig. 7.) . The second peak from the left is due to the crossover resonance between the F=2 --> F'=3 and F=2 --> F'=2 transitions and appears at a frequency offset, from the F=2 F=3 transition, equal to half the separation between the F'=1 and F'=3 levels or 133.6 MHz. profiles. The upper trace shows the transmission through an atomic vapor at room temperature. The lower trace shows the transmission at a higher temperature where, for about ±500 MHz detuning, the vapor has become optically thick and light is only transmitted on resonance.
From this, the separation between the two crossover resonances is calculated to be 78.6 MHz. A similar spectrum, not shown, is obtained for the 85Rb F=3 ---> F=2,3,4 excitations. In this case, the separation between crossover resonances is 31.7 MHz. Fig. 7 . Energy level diagram for the hyperfine structure of 85Rb and 87Rb. Crossover resonances appear in the spectrum of 85Rb, one halfway between the F'=4 and F'=3 levels and the other halfway between the F=4 and F'=2 levels. In the 87Rb spectrum a crossover resonance appears halfway between the F'=3 and F'=2 levels and another appears halfway between the F'=3 and F'=1 levels. Fig. 8 . 87Rb F=2 F'=1,2,3 transition spectrum. The first peak from the left is due to the crossover resonance between the F=2 --> F=3 and F=2 ---> F=1 levels. The second peak is due to the crossover resonance between the F=2 F'=3 and F=2 -4 F'=2 levels. The separation between these peaks is 78.6 MHz. The third peak from the left is due to the F=2 > F=3 transition.
Chapter VI: The Experiment
This study is an examination of a technique for optically stabilizing the output of a diode laser. The experimental set up of Fig. 9 is used with each of the two diode laser systems studied. As shown in the figure, the output of the diode laser is split, by a beamsplitter, into a pump and an output beam. The beamsplitter is chosen to accommodate the power requirements of the experiment. The choice of beamsplitter affects the amount of intensity in the pump beam and thus the temperature at which the atomic vapor becomes optically thick. Higher pump beam intensities require higher vapor temperatures. A factor to consider in choosing the reflectivity of the beamsplitter is the amount of power needed in the laser output. A range of beamsplitters from 4% to 80% transmission was used in this study.
The output beam is split again further downstream and sent through a rubidium vapor cell to serve as an independent reference to monitor the laser frequency. The pump beam is also sent through a rubidium vapor cell. The cell is a glass cylinder about 5 cm long with 2 cm diameter end windows. The cell is evacuated with a few drops of rubidium metal inside. The entire cell was placed inside an oven. The oven is a ceramic cylinder about 25 cm long by about 7 cm diameter. Inside the oven are heater coils powered by a Variac variable voltage supply. The heater coils require from 0.5 to 1.5 A to heat the cell to approximately 40 -60 °C, in about 30 min. The temperature inside the oven is measured by a thermocouple attached to the glass cell. The entire oven is wrapped in aluminum foil to insulate the oven from the surrounding air. The open ends of the oven are also covered with foil to reduce the convection currents arising as a result of the hot air escaping the oven. Holes approximately 1 cm in diameter are cut in the foil covering the oven ends to allow the laser beam to pass through.
After the first pass through the oven and cell the laser beam is incident on a linear polarizer. Immediately after this, the beam passes through a 1/4 wave plate in a rotatable mount. After the 1/4 wave plate the beam is reflected back upon itself by a mirror mounted on a PZT. This retro-reflected beam acts as the probe beam for the saturated absorption procedure. The polarizer and 1/4 wave plate are adjusted such that, on the beam's return pass through, the intensity is attenuated by the required amount. When the probe beam is too intense it tends to cause the laser to mode hop as the beam is positioned closer to exact retro-reflection. To avoid this mode hopping the beam is either misaligned from perfect retro-reflection, or made less intense using the 1/4 wave plate and polarizer apparatus. , Rb Cell Fig. 9 . Experimental schematic of HCSAS apparatus. The ceramic oven is used to heat the Rb vapor until it becomes optically thick. The feedback beam is retro-reflected through the cell. The upper Rb cell is used as an independent reference to monitor the laser frequency.
The locking technique can be demonstrated for the misaligned, high intensity probe beam, as well as for a near perfectly retro-reflected, low intensity probe beam. No quantitative data has been taken, however, the higher intensity, misaligned arrangement seems to lock for a wider frequency range and be more resistant to mode hopping.
Recordings of the probe beam transmission through the heated rubidium vapor cell are taken to examine evidence of frequency locking by the laser. The procedure for recording these signals is as follows: the alignment and intensity of the feedback beam is adjusted to create a good locking signal, the phase mirror voltage is adjusted to optimize the width and depth of the locking well, when the best signal is displayed it is digitized and recorded on a Macintosh IIci computer. Then the laser beam is blocked, before the oven, and a reference cell trace is recorded by the computer. This entire operation takes less than 10 seconds, when one person blocks the beam and another attends the computer.
The PZT on the retro-reflecting minor is used to control the phase of the returning light. This is done by adjusting the voltage across the PZT until the optimal locking signal is obtained. The widest frequency span and most rectangular shape are called optimal locking.
A measurement of the linewidth of the laser output is made to further characterize the quality of the HCSAS locking method. To determine the laser linewidth, the beat note between the HCSAS laser and a reference diode laser is monitored. The beat note measurement is accomplished by making the HCSAS laser and a reference laser coincident on a photodetector with a fast enough response to register the difference in frequency between the two. The detector signal is displayed on a spectrum analyzer where it is digitized and stored. The data from the spectrum analyzer is then downloaded onto a computer where the line shape is analyzed. The reference diode laser uses optical feedback stabilization from a diffraction grating and further electronic stabilization to an optical cavity.6 This reference laser has a full width at half maximum (FWHM) linewidth of approximately 150 kHz. Due to the chosen beat note method of linewidth measurement, the 150 kHz linewidth of the reference laser is the lower limit of all linewidth measurements.
The above linewidth measurements are all made with electronic stabilization of the external cavity formed by the HCSAS apparatus. This electronic stabilization is required to reduce acoustic vibrations of the external cavity. These vibrations cause the phase of the feedback light to fluctuate and this in turn causes the laser frequency to fluctuate. To reduce this effect, a small portion ( 4%) of the laser output is coupled to a 5 cm long, confocal Fabry-Perot etalon. The etalon serves as the frequency discriminator to drive an electronic servo system. The laser frequency is stabilized to the side of a transmission peak of the cavity using an integrating servo loop to drive the piezo controlling the position of the retro-reflecting mirror in the HCSAS set up.
Measurements of the beat note are also made without using the electronic servo system. In this case, 200 of the beat note signals are averaged with resultant measured linewidths that are broadened by the acoustic vibrations of the external cavity. As discussed below, this allows us to determine the quality of the HCSAS frequency stabilization method. The signal averaging is done on the computer by continuously updating and averaging the data points with each recording of a beat note. To record 200 beat note signals takes about 1 min.
Chapter VII: Results
Using the HCSAS method we are able to stabilize both the bare laser and grating laser systems to hyperfine transitions within the rubidium D2 line. A HCSAS probe beam transmission signal for 87Rb, F=2 > F'=1,2,3 transition, obtained using the grating laser system, is shown in Fig. 10. Curve (a) is the room temperature saturated absorption signal of the rubidium (87Rb) D2 line. Curve (b) is the HCSAS spectrum of the same transition, where the probe beam has been misaligned to avoid the optical feedback locking effect that direct reflection into the diode laser induces. A similar curve could be obtained without misalignment if the probe beam is optically isolated from returning into the diode laser. In Fig 10. , curve (c) has been vertically offset from curve (b) for the sake of clarity . Curve (c) shows the transmission signal recorded when the probe beam is aligned to induce the locking effect. The sharp jump in the lock signal transmission, centered around the F=2 > F'=3 and F=2 --> F'=1 crossover peak (the first peak from the left in curves (a) or (b)), shows evidence of the laser frequency locking to that same atomic transition. The sharp jump in the lock signal transmission is caused by the feedback light forcing the laser to operate at the frequency of the atomic resonance. The nearly flat top of the locking region indicates that the laser is no longer scanning with injection current. The departure from a purely flat top is evidence that the laser tunes slightly within the atomic resonance. The laser does this so that it can use the dispersion of the resonance to maintain proper feedback phase to the laser. The shape within the locking range can be made more or less flat by adjusting the phase of the feedback using the PZT behind the retro-reflecting mirror. The locking range is approximately 100 MHz. Figure 11 is another example of the type of locking signal that can be obtained by the HCSAS method. In this case, the bare diode laser was used to excite the F=3 --> F'=2,3,4 transitions in the 85Rb spectrum. The top trace, in Fig. 11 , shows the normal, F=3 -p F'=4 and F=3 > F'=2, and F=3 --> F'=4 and F=3 -+ F'=3 crossover resonances for an 85Rb saturated absorption signal recorded at the reference atomic vapor cell using the output beam. This signal is recorded with the feedback from the heated Rb vapor cell blocked by an index card in the laser beam path. With the optical feedback blocked, the laser frequency scans in the usual manner: as the injection current is changed the (85Rb) D2 hyperfine peaks are traced out. The separation between the two leftmost peaks is known to be 31.7 MHz and is used to calibrate the frequency width of the locking region in the lower trace. The lower trace, recorded at the probe beam detector, is the signal recorded immediately after removing the index card, and letting the feedback into beam is slightly misaligned from true retro-reflection, with the polarizer and 1/4 wave plate arranged to return the maximum intensity in the feedback beam, and with the Rb vapor optically thick enough that just the crossover resonance dips are evident in the spectrum.
This scenario provides the deepest and widest locking range.
In addition to locking the laser frequency, the HCSAS feedback method narrows the emission linewidth of the laser. This effect is observed by measuring the radio frequency beat note between the HCSAS feedback laser and a reference laser of known linewidth. A qualitative picture of the linewidth reduction caused by the HCSAS feedback is shown in Fig. 12 . The wider beat note is a recording of the bare diode laser system linewidth without feedback. The narrower trace shows the dramatic linewidth reduction 200 240 280 320 360 400 Frequency (MHz) Fig. 12 . Qualitative demonstration of HCSAS feedback effect on the radio frequency spectrum of the beat note between a narrowband reference laser and the grating laser system. The trace w/o feedback is the beat note while the grating laser system is not coupled to the HCSAS feedback. The w/feedback trace shows the narrowing of the beat note when the laser is coupled to the feedback. resulting from feedback. The actual linewidth in the presence of feedback is narrower than the resolution of this particular spectrum analyzer setting.
The bare diode laser system has, in the absence of optical feedback, a FWHM linewidth of 60 MHz. Figure 13 shows the beat note measured when the unmodified diode is coupled to the feedback from the HCSAS set up with the electronic servo system on.
The measured FWHM linewidth of 250 kHz represents a reduction in linewidth of at least a factor of 200.
Similar results are obtained when using the grating laser system as the test laser.
In this case the laser system has a FWHM linewidth of approximately 170 kHz without the Fig. 13 . Radio frequency spectrum of the beat note between a narrowband reference laser and the bare diode laser system stabilized with optical feedback from an optically thick rubidium cell. HCSAS feedback. When coupled to the HCSAS feedback the linewidth is measured to be approximately 150 kHz. The actual linewidth of the grating laser system stabilized by HCSAS feedback may be smaller than the 150 kHz measured, however, it can not be resolved because of the limit of the reference laser linewidth.
With the electronic servo turned off, signal average measurements of 200 beat note signals are made using the HCSAS grating laser system and the reference grating laser system. Measurements of the linewidth are made with the laser frequency tuned to different points in the 87Rb, F=2 ----> F'=1,2,3, absorption spectrum. In Fig. 14 these recordings are graphically overlaid to demonstrate the change in linewidth, therefore, any frequency shifts in the peaks are an artifact of this process and not significant. Curve (d) is the averaged linewidth without coupling the grating laser system to the HCSAS feedback. This has the narrowest linewidth because the laser is not coupled to the external cavity and does not experience vibrations in cavity length and therefore is not broadened. Curve (c) is Fig. 14. Measurements of the radio frequency beat note between a narrowband reference laser and the grating laser system with the electronic servo system turned off. Time averaging of 200 beat note signals produces the signals shown. Curve (a) is the beat note recorded with the grating laser system frequency tuned off the "RB D2 resonance. Curve (b) is the beat note recorded with the grating laser system locked to the F=2 F'=3, F=2 F'=1 87Rb crossover resonance. Curve (c) is the beat note recorded with the laser frequency tuned in between the two 87Rb crossover resonances. Curve (d) is the beat note recorded without coupling to the HCSAS feedback. Frequency shifts of the peaks are an artifact of the graphing procedure. the averaged beat note when the laser frequency is tuned to the optically thick region between the F=2 > F'=3, F=2 > F'=2 and the F=2 > F'=3, F=2 > F'=1 crossover resonances. This linewidth is as narrow as the uncoupled case because the laser is effectively not coupled when tuned to this frequency in the optically thick region. All of the laser light at this frequency is absorbed by the dense Rb vapor and thus the diode 160 experiences no optical feedback. Consequently, the laser is not affected by any acoustic vibration of the external cavity. Curve (a) is the averaged beat note when the laser is tuned off the 87Rb D2 resonance altogether. The off-resonance laser light does not interact with the Rb vapor and thus the laser acts as if it is experiencing feedback from an empty external cavity formed by the retro reflecting mirror. In this case the laser frequency tunes as it normally does for an empty cavity; a length change in the cavity of X/2 causes the laser frequency to tune one free spectral range (FSR). The extended cavity formed by the retro reflecting mirror is approximately L = 75 cm long, which by FSR = c/2L yields a FSR of approximately 200 MHz. The averaged linewidth for the off-resonance case is 50 MHz which indicates acoustic noise on the order of X/8. Curve (b) is the averaged linewidth with the laser optically locked to one of the 87Rb D2 hyperfine transitions. In this case the feedback is narrow band due to the absorption by the Rb vapor. The narrow band feedback causes a reduced tuning range of the laser frequencies.
In this case, theory shows that an external cavity length change of A./2n is expected to tune the laser by an amount equal to the bandwidth of the feedback.13 From the off-resonance case the external cavity length changes due to acoustic noise are known to be on the order of X/8. If the bandwidth of the optical feedback is Of, then we expect an acoustically broadened linewidth of Ofd (1) IC y2ic 8 4 From Fig. 14 Curve (b) , the acoustically broadened linewidth is measured to be 5 MHz.
This indicates an approximate optical feedback bandwidth of 6 MHz, consistent with the 6 MHz natural linewidth of the Rb, D2 transition. This implies that the laser is indeed locked to the atomic transition with a frequency bandwidth limited by the frequency bandwidth of the atomic transition.
Chapter VIII: Conclusions
This paper has demonstrated a useful technique to stabilize the output of two different types of diode laser systems. One system is an unmodified or bare diode system and the other is a grating stabilized laser system. The HCSAS technique shown here is an optical feedback technique similar to other optical locking techniques such as grating feedbacks and Fabry-Perot cavity feedback.2 As with all optical feedback methods there is significant linewidth reduction caused by the optical feedback process. The advantage of the HCSAS technique is that the frequency stability for the method is provided by an atomic resonance and is therefore more stable then methods relying on mechanical devices.
These qualities make HCSAS an attractive diode laser stabilization technique for applications including, spectroscopy, optical communications and remote sensing.
